A sulfate-reducing bacterial consortium was enriched from an anoxic aquifer contaminated with BTEX compounds, using toluene as a growth substrate. Total cell counts, protein contents and sulfide production were determined to follow growth at the in situ temperature (14 1C) and at 25 1C, respectively. Community members were identified by 16S rRNA gene cloning and sequencing. Phylogenetic analysis revealed 12 sequence types belonging to Deltaproteobacteria (several groups), Epsilonproteobacteria, Bacteroidetes, Spirochaetaceae and an unclassified bacterial clade. The most prominent phylotype comprising 34% of all clones was affiliated to the Desulfobulbaceae and closely related to environmental clones retrieved from hydrocarboncontaminated aquifers. Flow-cytometric methods were applied to analyze the community dynamics and to identify key organisms involved in toluene assimilation. Flow-cytometric measurement of DNA contents and scatter behavior served to detect and quantify dominant and newly emerging clusters of subcommunities. Up to seven subcommunities, two of them dominant, were distinguished. Cell sorting was used to facilitate the analysis of conspicuous clusters for phylogenetic identity by terminal restriction fragment length polymorphism profiling of the 16S rRNA genes. The Desulfobulbaceae phylotype accounted for up to 87% in proliferating subcommunities, indicating that it represents the key organism of toluene degradation within this complex anaerobic consortium.
Introduction
Aromatic hydrocarbons such as benzene, toluene, ethylbenzene and xylenes (BTEX) account for a significant percentage of gasoline and other petroleum products. They are toxic and, due to their relatively high water solubility and volatility, mobile in the saturated and vadose zones of an aquifer. All BTEX compounds are easily biodegraded under oxic conditions by ubiquitous bacteria (van Agteren et al., 1998) . However, due to the low water solubility and rapid microbial consumption of oxygen, contaminant plumes generally become anoxic. Addition of oxygen to contaminated aquifers is technically difficult; therefore, anaerobic processes have become increasingly important for natural and stimulated in situ bioremediation strategies (Lovley, 2001) .
Field studies revealed that anaerobic biodegradation processes are effective at some sites, but failed at others (Lovley, 2000 (Lovley, , 2001 . To elucidate whether this variability is due to the heterogeneity in the distribution of degrading microorganisms or environmental factors controlling their activity, we need to know which microorganisms carry out the relevant reactions in situ. Toluene is a suitable model substrate to establish novel diagnostic tools for in situ monitoring of bioremediation processes and activity measurement of the involved microorganisms, because toluene seems to be the most readily degraded BTEX compound under anoxic conditions and was demonstrated to be oxidized with nitrate, Mn(IV), Fe(III), sulfate and carbonate as the terminal electron acceptors (for reviews, see Chakraborty & Coates, 2004; Foght, 2008) . A number of pure toluene-degrading strains, growing under nitrate-, Fe(III)-or sulfate-reducing conditions, have been characterized and the catabolic pathways, enzymes and genes have been elucidated (Heider et al., 1998; Widdel & Rabus, 2001; Chakraborty & Coates, 2004; Rabus et al., 2005; Heider, 2007; Foght, 2008) .
Monitoring of natural attenuation and engineered bioremediation processes requires reliable and sensitive diagnostic tools for the identification and quantification of microorganisms that are catabolically active in situ. It is widely accepted that those tools have to be cultivationindependent, in particular, in environmental systems such as anoxic groundwater. However, established methods such as microautoradiography-FISH, stable isotope probing of nucleic acids or quantitative PCR detecting key genes of degradation pathways or their transcripts (for reviews of these methods, see Scow & Hicks, 2005; Talbot et al., 2008) are often elaborate and time consuming. This holds true especially when they are applied to slow-growing microorganisms or complex syntrophic consortia. Moreover, some of these methods require a priori knowledge of degradation pathways or phylogenetic identity to choose the appropriate primers and probes. Proteomic methods are promising, but not yet sensitive enough to analyze complex environmental samples with a low biomass yield (Benndorf et al., 2007; Jehmlich et al., 2008) .
In the present study, a sulfate-reducing bacterial consortium was characterized for its phylogenetic composition and community dynamics during growth on toluene. Community composition and dynamics at two different cultivation temperatures -the in situ temperature of the aquifer (14 1C) and room temperature (25 1C) -were compared. The consortium was enriched from an anoxic BTEX-contaminated aquifer polluted by a former hydrogenation and benzene production plant. To identify key organisms involved in anaerobic toluene degradation, multiparametric flow cytometry and cell sorting based on DNA content and side scatter (SSC) behavior of single cells were combined with molecular methods based on 16S rRNA genes following approaches reported previously by Porter et al. (1993) , Mou et al. (2005) , and Kleinsteuber et al. (2006) . The method has the potential to identify the active members of a microbial community without requiring knowledge of metabolic pathways. Flow cytometry as a single cell-based technique allows highly resolved analyses of microbial community structures and provides detailed information on the growth activities of subcommunities (Müller, 2007) . 4 0 -6-diamidino-2-phenylindole (DAPI)-DNA-pattern distributions represent a quick and reliable tool for routine in situ monitoring of complex microbial assemblages of unknown composition, and have proven to allow following growth dynamics in natural microbial communities (Kleinsteuber et al., 2006; Günther et al., 2009) . The aim of this study was to establish a high-speed detection tool capable of identifying those community members that are actively involved in anaerobic degradation processes.
Materials and methods
Enrichment and cultivation of the toluenedegrading consortium Zz5-7
The mixed culture Zz5-7 was originally enriched from groundwater sampled from a BTEX-contaminated aquifer near Zeitz (Saxony-Anhalt, Germany). Sulfate is the main electron acceptor at the site. Details on this field site are given elsewhere (Vieth et al., 2005; Gödeke et al., 2006; Schirmer et al., 2006) . The toluene-degrading culture Zz5-7 had been enriched for 24 months by repeated dilution in a toluene-amended mineral salt medium for sulfate reducers as described elsewhere (Vogt et al., 2007) and served as an inoculum for the cultures used here. Its ability to mineralize toluene with sulfate as an electron acceptor has been proven in several previous experiments (data not shown).
Cultures were set up in 72 replicates in 118-mL serum bottles (Glasgerätebau Ochs GmbH, Bovenden, Germany) inside a glove box (Coy Laboratory Products Inc.) with an atmosphere of 95% nitrogen and 5% hydrogen. Each bottle was filled with 90 mL of anoxic mineral salt medium, 10 mL inoculum, 3 mL 2,2,4, 4, 6, 8, as the carrier phase (Rabus et al., 1993) and 20 mL toluene. All solutions were sterilized by autoclaving or filtration and flushed with nitrogen to remove oxygen before use. The cultures were statically incubated in the dark at 14 and at 25 1C.
Determination of growth parameters
To follow growth in batch cultures, replicates were sacrificed after certain time intervals and sulfide, protein content as well as total cell counts after DAPI staining were determined. From each sample, 20-100 mL for sulfide determination and 5 mL for protein determination were taken. The remaining sample was centrifuged at 4 1C and 3800 g for 30 min, the supernatant was discarded and the pellet was resuspended in 5 mL fixation buffer [15 mM sodium molybdate in 0.1% (w/v) NaCl]. After addition of H 2 O 2 to a final concentration of 100 mM and sodium azide to a final concentration of 3.8 mM, preserved cells were stored in glass vials at 4 1C until further use.
Sulfide was determined spectrophotometrically according to Cline (1969) with the following modifications: samples (20-100 mL) were dissolved in 1 mL zinc acetate dihydrate solution (20 g L À1 ) for fixing sulfide immediately after sampling. Subsequently, 4 mL distilled water and 400 mL N,N-dimethyl-p-phenylendiammoniumdichloride were added. After 20 min reaction time, absorption values were measured. Concentrations were calculated using standards prepared from an anoxic sulfide stock solution.
Protein was determined according to Bradford (1976) in 5-mL samples. Because the increase of biomass using OD measurement or gravimetric techniques could not be determined due to the HMN content and the rapid development of black iron sulfides, the total counts of DAPI-stained cells were determined by flow cytometry as described below.
DNA staining and microscopy
Aliquots of the fixed samples were washed twice in 2 mL phosphate-buffered saline (0.4 M Na 2 HPO 4 /NaH 2 PO 4 , 150 mM NaCl, pH 7.2) by centrifugation at 3200 g for 5 min and treated with 1 mL Tween 20 (0.5 g in 100 mL bidistilled water) for 20 min to facilitate dye penetration. Then the cells were washed, carefully resuspended in 2 mL DAPI solution (692 mL of 143 mM DAPI stock in 100 mL of 400 mM Na 2 HPO 4 , pH 7.0) and stained for at least 60 min in the dark at 20 1C.
DNA-DAPI-stained cells were subjected to epifluorescence and phase-contrast microscopy (Axioskop, Zeiss; camera: DXC-9100P). The Zeiss filter set 02 (excitation G 365, BS 395, emission LP 420) was used for examining the blue fluorescence of DAPI. Visualization of merged phase-contrast and fluorescence images was performed using the OPENLAB 3.1.4 software (Improvision).
Multiparametric flow cytometry
Flow-cytometric measurements were carried out using a MoFlo cell sorter (DakoCytomation, Fort Collins, CO) equipped with two water-cooled argon-ion lasers (Innova 90C and Innova 70C from Coherent, Santa Clara, CA). Excitation by 580 mW at 488 nm was used to analyze the forward scatter and SSC as the trigger signal at the first observation point, using a neutral density filter with an OD of 2.3. DAPI was excited by 180 mW of ML-UV (333-365 nm) at the second observation point. The orthogonal signal was first reflected by a beam-splitter and then recorded after reflection by a 555 nm long-pass dichroic mirror, passage by a 505 nm short-pass dichroic mirror and a BP 488/10. DAPI fluorescence was passed through a 450/65 band pass filter. Photomultiplier tubes were obtained from Hamamatsu Photonics (models R 928 and R 3896; Hamamatsu City). Amplification was carried out at linear or logarithmic scales, depending on the application. Fluorescent beads (Polybead Microspheres: diameter, 0.483 mm; flow check BB/Green compensation Kit, Blue Alignment Grade, ref. 23520, Polyscience) were used to align the MoFlo (coefficient of variation -CV value -about 2%). Also, an internal DAPI-stained bacterial cell standard was introduced for tuning the device up to a CV value not higher than 6%.
Cell numbers were counted accurately (and with negligible deviation) in the cell suspensions using flow cytometry. Fluorescent beads (from a 5-mL stock solution of Polybead Microspheres: diameter, 0.483 mm; as above) were mixed with the DAPI-stained cells. The dot plots were gated with regard to the subcommunities and the beads, and cell counts were calculated. Cell aggregation was not observed; thus, clearly separated subpopulations were analyzed.
Proliferation activity was determined by evaluating the flow-cytometric histograms obtained using both SUMMIT (DakoCytomation) and WINLIST 2.01 (Verity Software House, Maine) software. The dot plots were gated in such a way that visibly distinct subcommunities were included in the gates and cell counts therein were calculated. The percentage of cells of any subcommunity with a distinct DNA content was counted. SSC signals provide additional information about the physiological state of the cells, because SSC is related to cell granularity.
Cell sorting was performed using the four-way-sortoption at a high speed (12 ms À1 ). The most accurate sort mode (single and one drop mode: highest purity 99%) was chosen for separating 5000 cells s À1 . The cells were sorted into nucleic acid-free glass flasks. Cells were separated from the mixed culture using DNA-DAPI fluorescence intensity and SSC signals in several independent experiments using different gate settings. Dominant and apparently growing subcommunities were separated in order to facilitate their molecular identification. Up to four subcommunities per sample could be separated simultaneously. To obtain sufficient DNA for the PCR amplification of 16S rRNA genes, at least 10 6 cells per subcommunity were sorted.
Cloning and sequencing of 16S rRNA genes
For analyzing the whole community, cells were harvested by centrifugation from a culture that had been enriched on toluene for 21 months. Total DNA was extracted using the FastDNA s SPIN Kit for Soil (Qbiogene, distributed by MP Biomedicals, Germany). Bacterial 16S rRNA gene fragments were PCR-amplified and cloned as described elsewhere (Kleinsteuber et al., 2006) using the universal primers 27F and 1492R (Lane, 1991) . The clone library was screened by amplified rDNA restriction analysis (ARDRA) and representative clones were partially sequenced using the BigDye RR Terminator AmpliTaq FS Kit 1.1 (Applied Biosystems, Weiterstadt, Germany) and the sequencing primers 27F and 519R (Lane, 1991) . For almost complete sequencing of selected clones, sequencing primers 27F, 357F, 530F, 926F, 1114F, 519R, 1100R and 1492R (Lane, 1991) were used. Capillary electrophoresis and data collection were carried out on an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems). Data were analyzed using ABI PRISM DNA Sequencing Analysis software and 16S rRNA gene sequences were assembled using ABI PRISM Autoassembler software. The BLASTN tool (http://www.ncbi.nlm.nih.gov/ BLAST) (Altschul et al., 1990 ) was used to search for similar sequences in the GenBank database, and the SEQMATCH tool was used to search for similar sequences compiled by the Ribosomal Database Project (RDP) -Release 10 (http://rdp. cme.msu.edu) (Cole et al., 2009) .
The 16S rRNA gene sequences determined were deposited in the GenBank database under accession numbers EU377676-EU377709.
Terminal restriction fragment length polymorphism (T-RFLP) analyses
T-RFLP profiling of bacterial 16S rRNA gene fragments was performed as described previously (Kleinsteuber et al., 2008) . Labeled PCR products were digested with the restriction endonucleases HaeIII or RsaI, respectively (New England Biolabs, Schwalbach, Germany). A 10-mL reaction contained 2 ng DNA (for T-RFLP analyses of single clones) or 10 ng DNA (for T-RFLP analyses of sorted subcommunities) and 10 U of restriction enzyme. Relative peak areas of the terminal restriction fragments (T-RFs) were determined by dividing the individual T-RF area by the total area of peaks within the range of 35-500bp. Only peaks with relative fluorescence intensities of at least 100 U were included in the analysis.
Theoretical T-RF values of the phylotypes represented in the clone library were calculated based on the determined partial 16S rRNA gene sequences using the NEBCUTTER V2.0 (http://tools.neb.com/NEBcutter2/index.php), and the calculated T-RF values were verified experimentally using the corresponding clones as a template. The relative T-RF abundances of representative phylotypes were determined based on the relative peak areas of the corresponding T-RF.
Results
Phylogenetic composition and morphological diversity of consortium Zz5-7 A 16S rRNA gene clone library of 85 clones was generated from the consortium and screened by ARDRA fingerprinting. Based on the ARDRA patterns, 34 clones representing 12 operational taxonomic units (OTUs) were selected for partial sequencing and the numbers of clones displaying identical ARDRA patterns were recorded. The sequencing results are given in Table 1 . Taxonomic assignment of the partial sequences was carried out according For each T-RF, one representative clone is listed and the numbers (%) of clones belonging to each OTU are given. ND, not determined.
to the RDP database retrieval. The most dominant phylotype of the clone library was a deltaproteobacterium affiliated to the Desulfobulbaceae with a proportion of 34.1%, followed by an epsilonproteobacterium that is distantly related to the genus Sulfurovum (23.5%). In accordance with the phylogenetic composition, microscopic observation revealed roughly 13 morphotypes ( Supporting  Information, Fig. S1 ).
Growth parameters and community dynamics during growth on toluene at different temperatures
Growth of the whole consortium with toluene as the electron donor at 14 1C, representing the in situ temperature in the aquifer, and at 25 1C was followed for 69 days based on protein content, sulfide production and total cell counts ( Fig. 1 ). As shown in Fig. 1a , the growth rate at 25 1C was higher than that at 14 1C and the cultures reached higher protein contents and produced more sulfide. At the beginning of the cultivation, the total cell counts amounted to about 8.5 Â 10 7 mL
À1
. The cultures growing at 14 1C reached a maximum of 6.5 Â 10 8 cells mL À1 after 888 h, whereas at 25 1C the maximum of 2.7 Â 10 9 cells mL À1 was already reached after 504 h (Fig. 1b) , indicating that both cultures reached a stationary growth phase during the cultivation experiment. Analyzing cellular DNA contents and cell scatter characteristics (SSC) within communities helped to identify actively growing populations, because the latter become distributed among dominant, characteristic subcommunities. Up to seven distinct subcommunities (indicated as SC I to SC VII) were emerging in the dot plots, as exemplarily shown in Fig. 2 for three sampling times of cultures grown at 14 and 25 1C, respectively. The cell numbers in these subcommunities were calculated from the cytometric dot plots for each sampling time. The time course of the relative abundances of the single subcommunities is presented in Fig. 3 . Two subcommunities (SC III and IV) were dominant at both growth temperatures, but clear differences in the subcommunities' dynamics depending on the cultivation temperature are obvious: after an initial 80-h period of high fluctuations, the subcommunity SC IV was dominant in cultures growing at 14 1C throughout the remaining incubation time. In the cultures growing at 25 1C, subcommunity SC IV dominated first, but was overtaken by subcommunity SC III after 200 h. After the initial fluctuation period, the community growing at 25 1C was almost completely composed of subcommunities SC III and SC IV, whereas the other subcommunities only accounted for minor proportions. By contrast, in the community growing at 14 1C, other subcommunities also amounted to significant proportions, for example, 24% for SC V (at 120 h).
Identification of key organisms in sorted subcommunities
Based on the growth stage and the subcommunity dynamics shown in Fig. 3 , three sampling times were selected for detailed phylogenetic analyses of the subcommunities. Sort gates were placed around the subcommunities as indicated in Fig. 2 and the cells within the gates were physically separated by cell sorting for DNA extraction and PCR amplification of 16S rRNA genes. The phylogenetic composition of the sorted subcommunities as determined by T-RFLP profiling with RsaI is shown in Fig. 4 . Similar results were obtained with HaeIII (data not shown). Subcommunity SC III from the 384-h sample (14 1C) could not be analyzed as PCR failed, probably due to the low DNA extraction yield. Subcommunities SC II and SC VII were only sorted for selected samples because of limited cell quantities (see Fig. 2 ). It is obvious in Fig. 4 that all subcommunities except SC I were dominated by the phylotype affiliated to the Desulfobulbaceae (Table 1) at most sampling times, which accounted for 34% in the clone library, but reached much higher relative T-RF abundances in particular subcommunities, for example, 85% in SC IV after 384 h at 14 1C (Fig. 4a) or 87% in SC VI after 288 h at 25 1C (Fig. 4b) . Noticeably, the most abundant and obviously proliferating subcommunities SC III and SC IV, which contributed up to 80% during growth and 4 90% after 200 h of cultivation, contained high percentages of this phylotype. The same holds true for SC V, which was the third abundant subcommunity during growth at 14 1C.
In the stationary growth phase, the percentages of the Desulfobulbaceae phylotype decreased in the two dominant subcommunities SC III and SC IV, which was found to be true for both temperatures. Instead, some additional peaks with fragment lengths of 252 and 476 bp (RsaI) or 206 and 308 bp (HaeIII), respectively, emerged in some subcommunities and accounted for up to 53% (SC III) and 43% (SC IV) for the 476-bp RsaI fragment after 672 h at 25 1C (not indicated in Fig. 4 ). These T-RFs could not be assigned based on the clone library and thus might represent some unknown phylotypes that preferentially emerged during the stationary phase and therefore were not covered by the clone library. However, the Desulfobulbaceae phylotype retained or developed prominent percentages in the little abundant but DNA-rich cells of the subcommunities SC V, SC VI and SC VII (Fig. 4) . SC VII (cells with the highest DNA content) only occurred in the stationary growth phase of both communities and was mainly composed of the Desulfobulbaceae phylotype. SC VI (cells with the second highest DNA content) showed a different behavior dependent on the incubation temperature: whereas the Desulfobulbaceae phylotype remained stably dominant throughout the cultivation at 25, at 14 1C, it was rare during the first half of the cultivation, but emerged strongly during the second half of the incubation period. By contrast, low DNA-containing Desulfobulbaceae cells were the major part of SC II during the first half of cultivation, but were absent at the end of the incubation period.
The second most dominant phylotype in distinct subcommunities was Paludibacter sp., which accounted for only 3.5% of the whole community according to the clone library data (Table 1) . However, in the stationary growth phase, it contributed 25% and 41% to the low DNA subcommunity SC I at 25 and 14 1C, respectively (Fig. 4) . In the earlier growth phase, this phylotype was also highly abundant (24%) in SC VI at 14 1C (Fig. 4a) . Desulfovibrio sp., also comprising 3.5% of the whole community (Table 1) , accounted for 15% (14 1C, 168 h) and 17% (25 1C, 288 h), respectively, of subcommunity SC I. Other phylotypes with significant abundances in low DNA content subcommunities were Desulfomicrobium sp. (13% after 120 h at 25 1C) and an unclassified bacterium (13% after 120 and 288 h at 25 1C). Both Desulfovibrio sp. and Desulfomicrobium sp. showed increased abundances in high DNA subcommunities in the stationary growth phase (14 and 25 1C, between 3% and 15% in SC V, VI and VII and about 20% of SC VI at 25 1C for Desulfomicrobium sp.).
The Spirochaetaceae phylotype accounting for 5.9% of the clone library (Table 1 ) was never detected in the sorted subcommunities. Whereas the Desulfobulbaceae, Paludibacter, Desulfomicrobium and Desulfovibrio phylotypes were detected in similarly high percentages in the respective subcommunities, other phylotypes that were quite abundant in the whole community clone library, such as members of the Epsilonproteobacteria, the Syntrophobacteraceae or the genus Proteiniphilum (Table 1) , occurred rather sporadically in the subcommunities (Fig. 4) .
Discussion
A sulfate-reducing consortium enriched from contaminated groundwater was analyzed for its community dynamics during growth on toluene at an in situ temperature of 14 1C and at 25 1C for higher growth and mineralization rate. For the first time, multiparametric flow cytometry and cell sorting of subcommunities was used to follow the dynamics and infer the activity of a strictly anaerobic microbial community. At first glance, the overall growth characteristics based on total cell counts, protein content and sulfide production (Fig. 1) did not reveal substantial differences between both growth temperatures, except for faster growth and a higher biomass yield at 25 1C than at 14 1C, as expected. However, closer examination of single cell's DNA contents in the consortium revealed seven subcommunities displaying differential population dynamics at different temperatures. Fluctuations of cell numbers within subcommunities during phases of active growth indicated proliferation activity of distinct populations as a result of toluene mineralization. By contrast, in the stationary growth phase, constant subcommunity patterns evolved at each temperature, presenting stable communities of low metabolic activity. The development of subcommunity patterns, which clearly differed depending on the cultivation temperature, appears to testify to the ecological flexibility of the community.
DNA pattern analysis as the basis of cell sorting of conspicuous subcommunities, followed by phylogenetic analyses, allows one to identify microbial key players. The methodology provides information on the numbers, proliferation activity and phylogenetic identity of community members under the conditions investigated. In this study, a deltaproteobacterium belonging to the Desulfobulbaceae was the predominant phylotype in the whole community clone library (Table 1) . T-RF abundances of this phylotype in many of the subcommunities were even higher, indicating that it represents the key organism of the toluenedegrading consortium Zz5-7. Its observed proliferation activity corresponded with its prevalence in the two major subcommunities during the growth phase and its increase within DNA-rich subcommunities during the late growth phase. This behavior has already been described for other bacteria, among them, the sulfate-reducing toluene degrader Desulfobacula toluolica (Vogt et al., 2005) . Subpopulations of Desulfobulbaceae of high DNA content in SC VI only appeared after 792 h at the in situ temperature of 14 1C, but already after 120 h at 25 1C (Fig. 4) . These cells obviously do not perform cell division after replication, as it is characteristic of the stationary growth phase in many bacterial species (Müller, 2007) . However, as the growth substrate or other nutrients are unlikely to be limiting after 120 h, this effect might not be caused by starvation, but rather by the cultivation temperature of 25 1C, which is clearly above the groundwater temperature.
According to our data, the Desulfobulbaceae phylotype is likely to degrade toluene. The next relatives of this phylotype are environmental sequences retrieved from tar-oil-contaminated aquifer sediments (Winderl et al., 2008) and from a hydrocarbon-and chlorinated-solvent-contaminated aquifer (Dojka et al., 1998) , indicating that it is widespread and probably characteristic of similar habitats. The cultivated members of the family Desulfobulbaceae have been described as incomplete oxidizers that form acetate as an end product (Widdel & Hansen, 1992; Holmes et al., 2004) . However, it is also possible that the Desulfobulbaceae phylotype detected here represents a yet unknown group of complete oxidizers, the more so as it is only distantly related to cultivated members of this family and the so far known pure cultures of sulfate reducers growing on toluene or other monoaromatic compounds such as phenol (Bak & Widdel, 1986; Rabus et al., 1993) .
The second most frequent phylotype in particular subcommunities was affiliated to the genus Paludibacter. This phylotype emerged in significant proportions exceptionally in low and high DNA subcommunities, indicating that this species might be able to form associations of several cells and divide into single individuals during prolonged incubation (Fig. 4) . The only cultivated member of this genus, Paludibacter propionicigenes, produces propionate, acetate and succinate as fermentation products from plant residues (Ueki et al., 2006) . Closely related environmental sequences were retrieved from an oil-degrading methanogenic consortium (Gieg et al., 2008) and from polyaromatic hydrocarbon-contaminated soil (Lloyd-Jones & Lau, 1998) . Together with further fermenting bacteria such as Proteiniphilum sp., another member of the Bacteroidetes (Fig. 4) and the Spirochaetaceae phylotype (Table 1) , the Paludibacter phylotype might be the primary degrader of biomass released after cell lysis. The only cultivated member of the genus Proteiniphilum, Proteiniphilum acetatigenes, is a proteolytic fermenter producing acetate and propionate (Chen & Dong, 2005) . Closely related environmental sequences were retrieved from production water from a petroleum reservoir (Pham et al., 2009) .
The other most frequent phylotype in the clone library, but less abundant in the T-RF subcommunity profiles, was an epsilonproteobacterium distantly related to the genus Sulfurovum (Table 1) . Closely similar sequence types have been found in a methanogenic phenol-degrading sludge (Zhang et al., 2005) and in a sulfate-reducing consortium during growth on benzene, toluene or phenol (Kleinsteuber et al., 2008) . Recent analyses of the latter consortium that also originated from the Zeitz aquifer indicated that this epsilonproteobacterium is involved in the assimilation of carbon from benzene (Herrmann et al., 2009) ; it has been hypothesized that it cannot attack benzene directly, but thrives on acetate or another intermediate of benzene degradation (Kleinsteuber et al., 2008) . However, this phylotype is only distantly related to cultured members of the Epsilonproteobacteria; thus, its physiological role in the toluene-degrading consortium can only be speculated.
Other sulfate-reducing bacteria such as members of the genera Desulfomicrobium and Desulfovibrio emerged to relatively high abundances in the T-RF subcommunity profiles (Fig. 4) . These organisms are either incomplete oxidizers of organic compounds or use hydrogen as an electron donor that is formed in fermentation processes (Widdel & Hansen, 1992) .
Altogether, 10 of the 12 OTUs detected in the clone library were also found in the T-RFLP profiles, but some of them only in minor proportions in the subcommunities. Not all T-RFLP peaks could be assigned to sequence types of the clone library; probably some of them are pseudopeaks caused by either incomplete digestion or PCR artifacts such as primer dimers or partially single-stranded PCR products as described by Egert & Friedrich (2003) . As the percentage of not assigned peaks is particularly high in subcommunities with low cell counts (e.g. SC I; Fig. 4a ) or in some subcommunities sampled in the stationary growth phase (Fig. 4b) , it is likely that the clone library is not complete, i.e. some rare phylotypes might not be covered. In the stationary growth phase, the relative abundances of these rare phylotypes might specifically increase in distinct subcommunities, for example, in SC III and SC IV after 672 h at 25 1C (Fig. 4b) . Cloning and sequencing of 16S rRNA gene amplicons from these subcommunities would unravel this additional diversity, but this was not conducted due to limited cell numbers after flow cytometry and sorting. However, the data demonstrate that analyzing DNA patterns by high-resolution flow cytometry and cell sorting enables to zoom in on the structure of lesser abundant but highly dynamic populations that are underestimated by whole community analysis.
The Spirochaetaceae phylotype, which accounts for about 6% of the clone library (Table 1) , was never detected in sorted subcommunities, possibly due to an unusual cell cycle behavior or morphological peculiarities of the cells leading to a scattered distribution in the flow-cytometric histograms. Spirochaetes are known to grow as long coiled filaments, which may prevent a sorting decision of the cell sorter. As a consequence, these cells might fall below the detection limit.
In summary, both the bulk data and the subcommunity dynamics point toward a sulfate-reducing toluene oxidizer accompanied by a fermenting organism as an important part of the whole consortium. Although the consortium has been cultivated with toluene as the sole heterotrophic carbon source for several years, the community maintained its high diversity, leading to complex population patterns as revealed by high-resolution flow cytometry. Recently, the predominance of the Desulfobulbaceae and the Paludibacter sp. phylotypes was reconfirmed in repeated investigations of the consortium after further passages (data not shown). Fermentation products may act as carbon sources in addition to toluene for heterotrophic sulfate reducers; the hydrogen formed in fermentation processes is used by hydrogenotrophic sulfate reducers such as Desulfovibrio sp.
The data clearly revealed that the Desulfobulbaceae phylotype is the key organism of toluene degradation by consortium Zz5-7, and strongly support the conclusion that this organism is able to metabolize toluene with sulfate as an electron acceptor. Further investigations involving functional genes of metabolic key functions such as benzylsuccinate synthase (Winderl et al., 2007) or dissimilatory sulfite reductase (Wagner et al., 1998) as well as proteomic studies will help elucidate the complex metabolic network of this consortium. The results demonstrate that our approach is a quick and reliable high-resolution tool suitable to detect active members of complex anaerobic communities. It is applicable to aquatic environmental systems such as surfaceand groundwater ecosystems or wastewater treatment plants, as demonstrated recently by Günther et al. (2009) . In this study, multiparametric flow cytometry provided the key subcommunities, which may also be the basis for potential -omics technology applications or may be used to sort living cells to enrich and isolate axenic cultures growing on toluene.
